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The intracarotid injection technique has been utilized to examine blood-brain barrier function in studies of newborn (>24 h), 7, 14, 21 and 28 day-old, as well as adult rabbits. The age-related modulations in blood-brain barrier transport of adenine, arginine, cholie, lactate and tryptophan were defied and demonstrated to be independent of each other. Lactic acid uptake was unusual in that the brain uptake index (BUI) was found to be greatest at 7 days postpartum. Elevated lactate uptake continues until 14 days and is then reduced. As indicated below, for all of the other metabolites examined, a maximal BUI was observed in the newborn brain and BUIs typically showed some sort of inverse relationship to animal age. The BUI of arginine is apparently halved in the first 7 days postnatally, and continues to decrease, reaching the value seen for the adult rabbit by an age of 21 days. In contrast, the brain uptake of adenine is unusual in that there appears to be a very gradual reduction in brain uptake occurring throughout the suckling period. A 3-fold decrease in the BUI of cholie was observed during the first 2 wk postpartum. Tryptophan uptake undergoes a 4-fold reduction in the first 4 wk postnatally. Only minor variations in the uptakes of glucose and butanol (a reference substance which is completely cleared by brain over a wide range of blood flow rates) were observed over the range of ages examined. Therefore modulations in adenine, arginine, cholie, lactate and tryptophan permeability are not attributable to blood flow alterations.
properties of newborn brain endotheGa are as exclusive as those seen in the mature adult brain.
Saunders (33) has noted that early studies on the penetration of dyes into brain have frequently been misquoted as suggesting that the BBB in newborn animals is freely permeable. Although some misconceptions still persist, this spurious suggestion of an immature or incomplete BBB in the neonate has been laid to rest in the light of overwhelming evidence to the contrary (33) . The exclusion of protein-bound (but not free) bilirubin by newborn brain capillaries (13, 14, 19) has also emphasized the clinical relevence of investigations of the developing BBB.
In the present study we have assumed that uptake rates reflect the nutritional needs of the brain. Thus, comparisons of newborn, suckling and adult brains provide an indication of the changing nutritional requirements of the brain. Studies of rabbits at various ages (newborn, 7, 14, 21, 28 days and adults) were performed to compare brain uptake of substrates representing five of the major BBB carrier transport systems (adenine, arginine, choline, lactate and tryptophan), as well as butanol. [Butyl alcohol is a c o m d y used reference substance because it is completely cleared by brain in a single transcapillary transit, over a wide range of blood flows (32) . Substances that are not transported by selective carrier systems gain entry into brain by virtue of their lipophilic properties (23)l. Data are presented which suggest that the newborn brain possesses mechanisms to ensure a supply of these metabolites (~ariticularlv neurotransmitter ~recursors) to brain. and their DOSsible relevence to neonatal medicine is discussed. ' Speculation The brain u~t a k e rates of the metabolites which gain access bv MATERIALS AND METHODS way of specifi'c carrier mediated transport mecha2sms are prksumed to reflect nutritional requirements of the developing brain. Thus the present study indicates that the inclusion of these metabolites (adenine, arginine, choliie, tryptophan and monocarboxylic acids such as lactate) would be beneficial in clinical intravenous feeding of the neonate, to meet the apparent needs of the developing central nervous system. Age related changes in brain amino acid uptake have been described in both rats (34) and chickens (31) . Differences have also been suggested in studies of choline (8) as well as glucose and monocarboxylic acid (10) uptake by the developing rat brain. Other recent studies also confirm age related changes in glucose uptake in rat brains and attribute the changes to a shift from the use of ketone bodies as a brain energy source in the weanling, to glucose in the adult. (12, 21) . The demonstration of a sophisticated, selectively permeable blood-brain barrier (BBB) in newborn rabbits has been described recently (4) . Furthermore, this barrier prevents the entry of sucrose (30) , mannitol, dextran an indiumAnimal Methods. New Zealand white rabbits were obtained from a commercial supplier; adults were maintained on a standard diet of water and rabbit chow. All animal studies were performed in the early afternoon. Although newborn rabbits were obtained as soon as possible postpartum, in most instances they were a minimum of 10 h old and routinely had maternal milk intubated into the stomach. The common carotid artery was surgically exposed under ether anesthesia and cannulatedwith a 30 G (0.3 mm) needle. The intracarotid injection technique (22, 24, 25) was modified slightly for study of newborn and adult rabbits. In studies of 28-day-old rabbits, a 0.2 ml volume was injected. In adult rabbits (approximately 2 kg), the method differed in that the anesthetic, sodium pentobarbital (Diabutal, Diamond Laboratories, at a dose of about 40 mg/kg), was administered IV, and a larger needle (22 G) and injection volume (1.0 ml) were used. Adults were decapitated 10 sec after injection. Because of the larger brain size, regions of the ipsilateral forebrain were routinely prepared for scintillation counting and analysis of brain uptake as described previously (9 
(where "mix" = the isotope mixture injected into the carotid artery). The Indium(-EDTA) uptake index (=IUI) is defined as the subtrahend of the BUI ratio described above. Unless otherwise indicated, all values are presented in the form of a mean (=W), standard deviation (=S.D.) and sample number (=n). The students t test was employed as an indicator of statistically significant means. Radiochemicals. All of the radiochemicals [I4C] arginine, adenine, choline, glucose, lactate, tryptophan, butanol, lysophosphatidy1 choline and tritiated water were purchased from New England Nuclear Corporation, Boston, MA, and were of the highest specik activity available. Defatted bovine serum albumin (Sigma Chemical Company, St. Louis, MO) was added at a concentration of 0.1% to effect solubility of the lysolecithin. The [113mIn] generator was supplied by NEN radiopharmaceutical division, North Bilerica, MA. The radioisotopic purity of each [14C] test isotope was routinely confirmed after thin layer chromatographic separation on silica gel plates using a solvent system recommended by the manufacturer. Dried plates were scanned using a Berthold Varian radiochromatogram scanner.
RESULTS
Lactic acid uptake is unusual in that the BUI was found to be greatest at 7 days postpartum. Elevated lactate uptake continues until 14 days and then undergoes a 6-fold reduction (Fig. 1) . As indicated below, for all of the other metabolites examined, a maximal BUI was observed in the newborn brain and BUIs typically showed some sort of inverse relationship to animal age.
The BUI of arginine is apparently halved in the first 7 postnatally, and continues to decrease, reaching the value seen for the adult at an age of 21 days (Fig. 2) . These data indicate an 8-fold difference in brain uptake of this basic amino acid occurs in the first 3 wk of life. In contrast, the brain uptake of adenine (Fig. 3) is unusual in that there appears to be a very gradual reduction in brain uptake occurring throughout the suckling period (our supplier indicates that rabbits are typically weaned at about 35 days old). In previous studies, the absence of transport of pyrimidine bases was reported (6) in the adult BBB. Studies of cytosine uptake indicate a BUI = 1.2 + 0.5% for this pyrimidine nucleoside in the newborn rabbit, and further emphasize the specific selectivity of the newborn BBB.
Choline transport in the developing brain was of great interest because choline is a precursor of both phosphatidyl choline (lecithin, a component of cell membranes) and the neurotransmitter acetylcholine. A 3-fold decrease in the BUI of choline was obsewed during the first 2 wk postpartum (Fig. 4) . Apparently there is little change in brain choline uptake during the latter suckling period, and only a very minor increase in BUI is associated with the transition to solid food. Since lysolecithin is a dietary sburce of choline (18) we also compared its brain uptake in newborn (BUI = 5.7 + 1.4%) and adult (BUI = 3.2 + 2.3%) brains. The failure of lysolecithin to penetrate the BBB suggests that brain lecithins are probably synthesized from plasma choline, or that they have a long biologic half-life in the brain.
Tryptophan uptake undergoes a Cfold reduction in the first 4 wk postnatally but then increases such that the adult BUI is less than half that seen in the newborn brain (Fig. 5) . In the presence of 0.5% defatted bovine serum albumin, the BUI in newborns (5 1 +. 7%) was not significantly different from that observed in the presence of saline (56 + 5%). This confirms the observation that Fig. 6 . Age-dependent alteration in blood-brain barrier permeability to glucose and butanol, a substance that is completely cleared in a single transcapillary transit over a wide range of blood flow rates. The BUIs depicted are means, vertical bars represent 1 S.D., n = 3-6. Glucose BUI is represented by the solid line. The broken line represents glucose extraction (E%), determined by dividing the' BUI(g1ucose) by the BUI(butanol), and normalizes for possible age-related blood flow differences.
bound tryptophan gains access to the neonatal brain (20) just as has been demonstrated in the adult rat BBB (28, 36) .
Butanol uptake (measured relative to the diffusion of water) was not constant throughout the range of ages examined (Fig. 6 ), but marked differences were not observed. In contrast, the brain uptake of glucose is quite uniform throughout the range of ages examined (Fig. 6) . Although age-dependent variations in butanol uptake suggest slight changes in cerebral blood flow, the magnitude of change in adenine, arginine, choline, lactate and tryptophan permeabilities are too great to be explained on the basis of alterations in cerebral blood flow rates. Indium-EDTA Uptake Indices, measured in newborn (7.4 +-3.5%), 7-day (3.8 + 1.2%), 14-day (1.5 + 0.4%), 21-day (1.5 +-0.5%), 28-day (1.1 + 0.3%) and adult (1.2 * 0.9%) rabbits also indicate that the cerebrovascular system is in a state of flux during these developmental periods.
DISCUSSION
The selective exclusion of metabolites such as lysolecithin and cytosine confirms previous suggestions (4, 30, 33) that the concept of an "immature" bamer at birth seems untenable and inconsistent with current understanding of the BBB. Furthermore, the agerelated changes observed for brain IUI suggest that there may be an alteration in the cerebral vasculature as well as blood flow occurring soon after birth. The concept of "capillary intermittency," i.e., the stretching of endothelial cells and/or the opening up of new capillaries is a well accepted phenomenon in muscle tissue. Bolwig et al. (2, 3) have proposed that this phenomenon occurs during seizure in the brain, but this seems to be an unresolved issue (7) . The opening of new capillaries (i.e., "developmental patency," rather than "capillary intennittency") seems to best explain the present observations. Electron microscopic studies of rat brain capillaries suggest that there is an increase in the % of patent capillaries during the period 10-20 days postpartum (5) . If the closed capillaries function like a series of blind diverticuli before becoming patent, the alterations in IUI observed in the present study can be considered to be consistent with the functional opening of additional capillary channels. Under such conditions, the concept of developmental patency could be supported by both morphologic and in vivo studies. It is also possible that a small proportion of the capillaries of the neonatal brain may be functionally characterized as having a greatly increased REFERENCES AND NOTES traisit time, and thd transit times of this g o u p ofcapillaries would increase to normal rates during development. Decreases in the IUI would also be consistent with large scale decreases in capillary transit time.
The dramatic alterations in brain uptakes of adenine, arginine, choline, lactate and tryptophan seem best explained by induction of the transport mechanisms, which have been demonstrated in newborn capillaries (4) . Although variability in butanol uptakes is indicative of minor age-related alterations in cerebral blood flow, a recent comparative study of infant and adult rats indicates that the lower infant flow rates are not signicantly different from rates observed in the adult (1 1).
Previous studies have established that elevated brain uptake of monocarboxylic acids such as lactate can be correlated with the use of ketone bodies as an energy source in the neonate. As the shift to glucose occurs with age, there is a drop in brain uptake of monocarboxylic acids (10, 12, 21) . Adenine is an important nucleic acid precursor, and adenyl compounds are important with respect to high energy phosphate bonds, so the developing brain presumably has an increased need for this purine. Since choline is probably not synthesized in the brain (35) , the high choline BUI values are attributable to postnatal synapse formation and myelination. Neonatal BBB transport mechanisms are therefore adapted to ensure an adequate supply of neurotransmitter precursors such as tryptophan and choline. These data also suggest an alteration in the turnover rate or biologic half-life for tryptophan and choline in the adult, as compared to neonatal brain.
The higher influxes of amino acids, observed in studies of suckling as compared to young adult rats, have been interpreted as providing substrate for rapid cerebral protein formation during this time of rapid brain growth (1). [It is generally believed that adequate amounts of all appropriate amino acids in the diet are necessary to ensure protein synthesis, but the brain is unusual in that certain amino acids may be synthesized from glucose (17) . We have not yet measured neonatal brain uptake of even a representative number of essential amino acids.] The increase in arginine uptake which we observed might be attributable to an increase in histone synthesis in the developing rabbit. High concentrations of basic amino acids (particularly arginine and lysine) are present in human breast milk, and even higher concentrations have been recorded in colostrum than in mature milk (15) . Dietary levels of substrate directly influence brain levels (16, 27, 29) . It has also been demonstrated that choline levels are five times greater in the plasma of newborn infants (50 pM) than in adults (37) . Thus, the alterations seen in the BBB transport mechanisms of the neonates might be related to substrate concentrations in plasma and break milk, and possess affinities and transport rates which facilitate optimal brain development.
The elevated uptake rates seen for certain substrates in the neonatal period relative to the adult suggest that the developing brain has a substantially increased requirement for some of these compounds. The metabolites examined in the present study are precursors of substrate-limited pathways, thus the dietary absence of adenine or choline could, for example, result in decreased brain synthesis of end products such as nucleic acids or lecithins. Furthermore, adenine and choline are not routinely included in clinical hyperalimentation. The present studies therefore call for reconsideration of the practice of intravenous feeding of newborns with glucose saline. The apparent dietary requirements of developing brain (and possibly other tissues), together with a knowledge of the constituents of colostrum, breast milk and neonatal plasma levels, could be utilized in the rational development of a more appropriate intravenous formulation. If the newborn BBB in some way reflects the needs of the unborn fetal BBB, then this supplemental feeding might be even more appropriate in situations where the infant is premature, or of low body weight for gestational age. Empirical testing of this simple concept would not be expensive, and there may be some potential for a significant improvement in neonatal care.
